REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
New Reprint -
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Optimal battery charging, Part I: Minimizing time-to-charge, WO911NF-10-1-0369
energy loss, and temperature rise for OCV-resistance battery 5b. GRANT NUMBER
model
5¢. PROGRAM ELEMENT NUMBER
611102
6. AUTHORS 5d. PROJECT NUMBER
A. Abdollahi, X. Han, G.V. Avvari, N. Raghunathan, B. Balasingam, K.
R. Pattipati, Y. Bar-Shalom 5e. TASK NUMBER
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT
University of Connecticut - Storrs NUMBER
438 Whitney Road Ext., Unit 1133
Storrs, CT 06269 -1133
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 57823-CS.120

12. DISTRIBUTION AVAILIBILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department

of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

In this paper we present a closed-form solution to the problem of optimally charging a Li-ion battery. A
combination of three cost functions is considered as the objective function: time-to-charge (TTC), energy
losses (EL), and a temperature rise index (TRI). First, we consider the cost function of the optimization
problem as a weighted sum of TTC and EL. We show that the optimal charging strategy in this case is the
well-known Constant CurrenteConstant Voltage (CCeCV) policy with the value of the current in the CC

stage bheino a function of the ratio of weichtineg on TTC and EL and of the resistance of the. ]’\aﬂ'pry Thpﬂ’
=] S

15. SUBJECT TERMS
Battery charging,Optimal charging, Time to charge,Open circuit voltage,State of charge

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [15. NUMBER [19a. NAME OF RESPONSIBLE PERSON

a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Yaakov Bar-Shalom

uu uUu UU uu 19b. TELEPHONE NUMBER
860-486-4823

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title

Optimal battery charging, Part I: Minimizing time-to-charge, energy loss, and temperature rise for OCV-resistance
battery model

ABSTRACT

In this paper we present a closed-form solution to the problem of optimally charging a Li-ion battery. A
combination of three cost functions is considered as the objective function: time-to-charge (TTC), energy
losses (EL), and a temperature rise index (TRI). First, we consider the cost function of the optimization
problem as a weighted sum of TTC and EL. We show that the optimal charging strategy in this case is the
well-known Constant CurrenteConstant Voltage (CCeCV) policy with the value of the current in the CC
stage being a function of the ratio of weighting on TTC and EL and of the resistance of the battery. Then,
we extend the cost function to a weighted sum of TTC, EL and TRI and derive an analytical solution for the
problem. It is shown that the analytical solution can be approximated by a CCeCV with the value of
current in the CC stage being a function of ratio of weighting on TTC and EL, resistance of the battery and
the effective thermal resistance.



REPORT DOCUMENTATION PAGE (SF298)
(Continuation Sheet)

Continuation for Block 13

ARO Report Number 57823.120-CS
Optimal battery charging, Part I: Minimizing time...

Block 13: Supplementary Note

© 2015 . Published in Journal of Power Sources, Vol., (). DoD Components reserve a royalty-free, nonexclusive and irrevocable
right to reproduce, publish, or otherwise use the work for Federal purposes, and to authroize others to do so (DODGARS §32.
36). The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an
official Department of the Army position, policy or decision, unless so designated by other documentation.

Approved for public release; distribution is unlimited.



Journal of Power Sources xxx (2015) 1-11

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Optimal battery charging: Minimizing time-to-charge, energy loss,
and temperature rise for OCV-resistance battery model

A. Abdollahi, X. Han, G.V. Avvari, N. Raghunathan, B. Balasingam’, K.R. Pattipati,

Y. Bar-Shalom

Department of Electrical and Computer Engineering, University of Connecticut, 371 Fairfield Way, U-4157, Storrs, CT 06269, USA

HIGHLIGHTS

e Closed form solution for minimizing weighted sum of time-to-charge and energy loss.
e Semi-closed form solution by adding the temperature rise index to the cost function.
o Approximating temperature rise effect as a constant heating equivalent resistance.

o Analysis of efficiency performance of commercial batteries.

ARTICLE INFO ABSTRACT

Article history:

Received 23 May 2014
Received in revised form

9 February 2015

Accepted 12 February 2015
Available online xxx

In this paper we present a closed-form solution to the problem of optimally charging a Li-ion battery. A
combination of three cost functions is considered as the objective function: time-to-charge (TTC), energy
losses (EL), and a temperature rise index (TRI). First, we consider the cost function of the optimization
problem as a weighted sum of TTC and EL. We show that the optimal charging strategy in this case is the
well-known Constant Current—Constant Voltage (CC—CV) policy with the value of the current in the CC

stage being a function of the ratio of weighting on TTC and EL and of the resistance of the battery. Then,

Keywords:

Battery charging
Optimal charging
Time to charge
Open circuit voltage
State of charge

we extend the cost function to a weighted sum of TTC, EL and TRI and derive an analytical solution for the
problem. It is shown that the analytical solution can be approximated by a CC—CV with the value of
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1. Introduction

Battery charging is a problem of significant interest, especially as
the battery-dependent smart devices proliferate. The literature
abounds with different strategies for charging batteries. Among the
traditional methods of charging, the simplest is the constant trickle
current charge strategy, which, due to its low charging current,
requires a long charging time (around 10 h) [9]; constant current
strategy with higher rates of current requires shorter charging time.
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http://dx.doi.org/10.1016/j.jpowsour.2015.02.075
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The most widely-used traditional strategy is the constant-current
constant-voltage (CC—CV) [9] strategy, in which a constant cur-
rent is applied to the battery until the terminal voltage reaches a
specified value, and afterward the charging current decreases by
applying a constant voltage to the terminals of the battery. In Refs.
[21,22], a multi-step constant-current charging is devised for
shortening the charging time and prolonging the cycle life of the
battery. Using orthogonal arrays, Taguchi-based methods for bat-
tery charging [12,23] present a systematic method to find the
optimal solution with guidelines for choosing the design parame-
ters. In Ref. [13], a boost charging strategy is proposed by applying
very high currents to close-to-fully discharged batteries. In pulse-
charging methods [6,7,17,20,27], the battery is exposed to very
short rest or even deliberate discharging periods during the
charging process. Soft-computing approaches are also used in the
optimization of battery charging profile. In Ref. [24], the charging
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problem is viewed as an optimization problem with the objective
function of maximizing the charge within 30 min using a multi-
stage constant current charging algorithm whose optimal solution
is obtained via an ant-colony approach. In Ref. [25], a universal
voltage protocol is proposed to improve charging efficiency and
cycle life by applying a charging profile depending on the state-of-
health (SOH) of the battery, using SOH estimation approaches [26]
in the optimization process. Recently, in Ref. [11], battery charging
is considered as an optimization problem with cost function of
time-to-charge and energy loss (as we do in this paper), but they
have not solved the problem analytically; rather they have pre-
sented a numerical solution to the problem. Other approaches, such
as genetic algorithm and neural network based strategies [16], data
mining [2,10], and Grey-predicted charging system [8] have also
been used for charging batteries.

In this paper we look at the charging problem from a fresh
perspective using optimal control theory, and our goal is to find the
optimal current profile that minimizes a specific cost function. In
this sense, different objectives may be embedded in the cost
function. One obvious cost function is the time-to-charge (TTC). We
prefer to minimize the charging time as much as possible, as TTC
reduction contributes to user satisfaction. Another important
objective is the energy loss (EL) during charging. Reducing the
energy loss increases the charging efficiency. In this paper, first we
use an integrated cost function that includes both the TTC and EL.
Then, we also include the effects of temperature into account, and
the cost function is selected as a linear combination of three
criteria: time-to-charge, energy loss, and temperature rise index
(TRI). In both cases, analytical solutions of the optimal charging
problem are derived.

The paper is organized as follows. In Section 2, we derive an
analytical solution for the optimal charging current profile to
minimize TTC and EL. In Section 3, we extend this approach to the
case where temperature rise is considered as well. Section 4 is
devoted to simulation results and finally we conclude the paper in
Section 5.

2. Analytic solution for optimal charging current profile

We consider a simplified equivalent circuit model of the battery
as shown in Fig. 1. The theory extends naturally to more complex
models involving parallel RC elements (shown in Fig. 2), but
analytical closed form solutions are not possible in the latter case.
The model consists of a voltage source corresponding to the open-
circuit voltage (OCV), which is dependent on the state of charge
(SOC), and a resistance Ry. The SOC and OCV, are represented
respectively by s and Vj. The OCV is a nonlinear function of SOC and
is denoted by Vy(s[k]).

The state of charge is zero when the battery is totally discharged
and it is one if it is completely charged. The sampling time is

Ry i[f]

Vo (s[k]) v K]

Fig. 1. Equivalent electrical circuit model I of battery.

Ry
Ry YWV
W
I 2
C
Vo (s[k]) v [k]

Fig. 2. Equivalent electrical circuit model IIl of battery.

denoted by A (in seconds). We assume that the initial and final SOC
are known: s[0] = sq, s[k¢] = s}, where kyA is the charging time. We
also assume that the maximum allowed value of the terminal
charging voltage is vc, that is, v[k] < v for all k.

The SOC dynamics for the battery considering the foregoing
model are as follows:

sk + 1] = s[k] + cpi[k] (1

where ¢, (in 1/Amperes) is the parameter in Coulomb counting,
given by

A

~ 3600C) 2)

Ch

where Gy, (in Ah) is the battery capacity, assumed to be known.
Let the objective function be a combination of TTC and EL. In
other words,

ke—1

Jee = Wit + WeJe = wekeA + wg > Roi2 (KA 3)
k=0

where J; is the TTC cost function, Jg is the EL cost function; w; and
wg are weights on the TTC and EL cost functions, respectively. The
resistance of the battery, i.e., R, is assumed to be known.
The charging problem then could be formulated as follows:
Minimize J subject to:

slk+ 1] = s[k] + cpilk] s[0]=so S [kf] = Si, (4)
Vo (s[K]) + Roilk] < vmax (5)
ilk] < imax (6)

It is important to note that only the ratio of weights affects the
optimal current profile of i[k]. Therefore, by dividing (3) by wg, we
redefine the cost function as follows:

kf—l

Jie :th/WE =pde+Je = pckpd + > Roi*[k]4 (7)
k=0

where p; = w¢/wg. Also note that when the current is injected into
the battery, the V{ starts to increase and this, in turn, causes the
terminal voltage to rise, until it reaches vmax, Which is the
maximum allowed terminal voltage. During the whole charging
process the current should not exceed imax, which is the maximum
allowed charging current. In this paper, we use v¢ for vmax, where v¢
is the voltage corresponding to SOC of 1; that is

ve = Vo(1) (8)
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Assume that at time k1, the terminal voltage v[k,] reaches v and
let us denote the state of charge at time k; as s. After time kq, the
terminal voltage should be fixed at the constant voltage (CV) vc;
hence, for k = ky,ky +1,..., ks — 1, the dynamics of the system are

as follows:
ik] = Ro (ve — Vo(s[k])) 9)
sk + 1] = s[k] + cuilk] (10)
slky] = 51 s[kf] =5 (11)

Before going further, let us define a new equivalent problem as
follows:

Minimize
ki—1
Jie = pde +JE = pek1A + g Roi2[K]A (12)
subject to:
slk+ 1] = s[k] + cpi[k] s[0] =sg s[kq] = s1 (13)

This problem is in fact the minimization in the stage where the
terminal voltage is below v, and therefore here the condition
Vo (S[K]) + Roi[k] < v¢ is not shown as we know that it holds.

Inspired by Refs. [18] and [1], we solve the problem in three
steps as described below:

©® Given k; (when the terminal voltage constraint becomes active),
find the optimal current profile that minimizes the energy los-
ses, and calculate the corresponding energy losses as a function
of kq.

® Generate a new equivalent cost function Ji+ consisting of the
weighted TTC plus the k;-dependent minimum energy loss
obtained in step 1, and find the optimal k; based on this cost
function.

® Given the optimal k; from step 2, evaluate the optimal current
obtained in step 1.

In the first step, assuming k; is known, we find the optimal
current i*[k|k;] that minimizes the energy loss. Having this optimal
current profile, we can calculate the minimum EL cost function
Ji(kq), which is a function of k;. In the second step, we use the
partially optimized cost function Jig- = pck1A + JE (k1) and we find
the optimum value for kj, say kj. In the third step, we insert the
optimal final time k7 into the current i*[k|k;] (obtained in step 1) to
find the optimal current i*[k]. The final result will be J;z (k7).

The first stage is formulated as follows:

Minimize

Je(ky) = Z Roi%[K]A (14)
subject to

sk + 1] = s[k] + cpilk] s[0] =sg s[ki] = s1 (15)

The Hamiltonian function for this problem is

H[k] = Roi%[k]A + Alk + 1)(s[K] + cxilk]) (16)

The following equations must hold for the optimal solution [5]:

OHIK]

5 =° (17)
_ OHIK
Ak = as[k] (18)
dH[k]

From (17) we have

cpAlk + 1]

PR = =" 2R

k=0,1,..k; — 1 (20)

From (18), we can write

Ak = Ak +1] k=ki—1,....,0 Aky]=» (21)

where v is the Lagrange multiplier associated with the constraint
slky] = s;. Equation (21) implies that all co-states are equal;
therefore, we can write

Ak =v

Based on (22), equation (20) can be written as

k=0,1,...k (22)

_ Cpv
2RoA

i*[k] = k=0,1,....,k;y — 1 (23)
Note that equation (23) states that the optimal current is con-

stant. From (19), we can write
slk + 1] = s[k] + cyi[K] (24)

which is actually the dynamics of the system. Knowing the initial
state of charge (sg), and noting the optimal current in (23) is con-
stant, we have

k=1 kcv
s[k] = so + ¢y » _ ill] = so T (25)
1=0

Since for k = k; we have s[k;] = s1, therefore

2
k]ChV

2RoA (26)

S1 =50 —
Solving for v, we have

b= _2R0A(S]2— 50) (27)
k1Ch

Inserting (27) into (23), we have
—So
i*[k
k= k1 .

Inserting (28) into the cost function, the optimal cost function,
given kq is:

ki—1 2 2
. _ RoA(sy —sp)
k] 2 Ro ( k] o ) A= k] 6}21 (29)

Now, consider step 2 and define the cost function as

k=0,1,...,k; -1 (28)

ROA(Sl 750)2 (30)

Jier = pekr A+ JE (k1) = pekr A + kyc?

To find the optimum k;, the following relations should hold:
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4 A. Abdollahi et al. / Journal of Power Sources xxx (2015) 1—11

Jig: (ki = 1) = Jeg: (k1) (31)

Jige (k1 +1) = Jig: (k1) (32)

Inserting (30) into (31) and (32) we obtain two second-order
equations in term of k;. Solving these equations, we get k; and
k7, respectively, for relations (31) and (32).

4Ro(51-50)°
PCh

+14+4/1+
2

The optimum k; is ceil(ky) or floor(k7). Since ki — ki =1, we
have ceil(ky ) = floor(k;) = round((ky + k{)/2). Thus,

ki = (33)

2
€y

2
ki = round ( %4— M) (34)

A more convenient way is to treat k; in (30) as a continuous
variable and take derivative of (30) with respect to k; as follows:

e (k1) RoA(s1 — Sp)°
_ _ 207Vl 20 35
ok, t k3c? (35)
S1—So [Ro
kr —>1—°0 /%o 36
1 Ch Pt (36)

Note that if we neglect 1/4 in (34), the argument of the rounded
function in (34) is exactly the same as the one in (36).

Step 3 involves inserting (36) into (28) to find the optimum
current

o 751—507 ﬁ . _
i*[k] = kich = /R k=0,1,...,k; -1 (37)

It is seen that the optimal current is constant and is a function of
the weight on TTC and the series resistance. Therefore, the solution
of optimal time-to-charge and energy loss (OtE) problem is a
CC—CV profile with the current of the CC stage given by (37).
Following the CC stage, from k; to kf, one has the CV stage where

vkl =ve k=kq,.... ks (38)

To the best of our knowledge, this is the first time that it is
proved that the well-known CC—CV charging profile is the optimal
solution of a particular optimization problem, namely, the problem
of minimizing the weighted sum of time-to-charge and energy loss.

In the sequel, this profile is referred to as OtE profile or OtE
policy.

Before we close this section, we point out another way of solving
the OtE problem of (12) and (13) by condensing (13) for all values of
k into a single condition. From (13) we can write

i[k] = (sfk + 1] — s[k]) /cp (39)

Since (39) holds for k = 0,1, ..., k; — 1, and using the initial and
end values of SOC from (13) we can write:

ky

|
—_

illl = (s1 —so)/cn (40)
1

Il
=}

Therefore, the problem of (12) and (13) is equivalent to a
quadratic programming problem with the constraint in (40). In this
way, we are dealing with currents i[l] as our unknowns. It is easy to
show that this results in the same solution as (37). This

simplification of the dynamics of the system into the condensed
condition of (40) will be useful in the next section where we derive
an analytical solution when the cost function includes the sum-
mation of temperature rises as well.

It should be noted that the practical meaning of the parameters
of optimization problem (e.g., w; and wg in (3) and p; in (12)) is to
use them in an iterative design procedure to reach the desired
performance. For example, if the maximum allowed energy loss is
Emax and the maximum acceptable time-to-charge is TTCpax, then
in the design procedure, w; and wg should be selected inversely
proportional to TTCmax and Emax, respectively; that is wy o 1/TTCmax,
wg « 1/Emax and then iterate. Or equivalently, p; should be selected
proportional to Emax/TTCmax; that is p¢<Emax/TTCmax and then
iterate on the proportionality factor. AS Emax/TTCmax iS approxi-
mately, the allowable average power loss, p; should be selected
proportional to allowable average power loss.

3. Optimal charging problem considering temperature

In this section, we will extend the cost function to include the
battery temperature via temperature rise index (TRI, to be defined)
as well as TTC and EL. To this end, we need a temperature model for
the battery. Refs [15] and [19] describe the temperature model of
the battery as a linear system with two states, namely, Tcore and Ty;;,
and reference [14] uses the nonlinear heat transfer equation with a
single state. Simulations show that the dynamics of T,; have
negligible fluctuations around the ambient temperature. Therefore,
the temperature model, considered below, can be simplified to the
linear part of the heat transfer equation

Tk + 1] = T[K] — a(T[k] — Tymp) + bi® [k] (41)
where
a a (42)

MpatCh,pateREse

is the cooling coefficient and

p__ Roa

= (43)
MpyaetCh batt

Here T is the battery core temperature in kelvin (K), T, is the
ambient temperature in K, my,q is the battery mass in kg, Cp, pay is
the heat capacity of the battery in J/(kg-K), and Rg is the effective
thermal resistance in K/W (kelvin/watt).

Defining temperature rise (TR) as T[k] = T[k] — Ty, and
assuming T[0] = T,yp, We can write

Tlk+1] = (1 — a)T[k] + bi’[k], T[0] =0 (44)
The solution of (44) is
k—
Tk =b i (1 — a2 (45)
=0

Equation (45) states that the temperature rise at any time is the
integral of the square of current, from time zero up to that time
with a “forgetting factor” of (1 — a) and the scaling factor b.

Since T[k] is positive for any k, the cost function including TTC, EL
and TR can be written as

Jier = pde +Jg + prr (46)

where J; and Jg are TTC and EL as before and J7 is the temperature
rise index (TRI) defined as follows:
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Ky
Jr=2a> Tk (47)
k=0
Since T[0] = 0, the TRI can be written as

k-1

JT—AZ

Using (45) and (48), we can write (46) as follows

Tlk+1] (48)

ke—1
Jier = pikeA + > Roi?[k]A
k=0 (49)
k 12 A

kf 1

+prAZ Z

=0

which can be simplified as follows

ke—k—1

ke—1
Jer = pekeA + AZ (Ro +potb > (1-a ) % [k] (50)

k= =0

Simplifying the inner summation and noting that b/a = RyRgs,
we can write

kf—l
Jier = pikeA + A Req[KJi* [K] (51)
k=0

k
Rrlk] = prRoResr (1 - (1 - @) ¥) (53)
where Rt[k] is the heating equivalent resistance. Assume, as before,
that at time kq, the terminal voltage v reaches its maximum
allowable value of v, and SOC reaches s;. Given s; and k;, we can
write the cost function as

ki—1
J(s1,kq) AZ Req[K)i? [k (54)
Note that we discarded the contributions of i[ki],...,i[kf — 1],

because when the terminal voltage reaches v, the current is already
determined by the constrained dynamics of the system in (9); we
also discarded the contribution of ky, i.e. pcksA, because: firstly, kq is
given; secondly, given s, k; — kq is also known, which means ky is
known. An important point to note is that, while the upper bound
of the summation in (54) is k; — 1, the formulation for Req, i.€., (52),
considers the effect of the whole charging time and it contains k¢
rather than k.

Now, given s; and kq, we can state the optimal charging problem
as follows: Minimize (54) subject to (40), or equivalently

ki—1 _
Minimize : L= J(s;,k;) + A (Z il — u) (55)
1=0 Ch
Taking the derivative of Lagrangian L with respect to i[k] for k =
0,1,...,k; — 1 and equating it to zero, we have:
—_— A AGeqlK]
I = —3Reqa ~ 24 (56)

where Geq[k] = 1/Req (K] is the conductance. Taking the derivative of

L with respect to A, and using (56) we find the optimal current
profile in the first stage as follows:

l*[k] - _ GEQU<](51 - SO)
ch SF! Geq [K]

We refer to the current profile in (57) as the optimal time-to-
charge, energy losses and temperature rise (OtET) policy. Note
that (57) is similar to what we obtained for the OtE case. In
particular, if pt =0, then (57) will be the same as (28). Also,
comparing (56) with the OtE case and noting that for
k=0,1,....,k; —1 we <can use the approximation of
Req[k]=Ro(1 + prREs), analogous to the optimal current profile of
(37), we can write

k=0,1,...,k; -1 (57)

k= — P k=01
Ro<1 + PTREff)

We refer to the current profile of (58) as the near-optimal time-
to-charge, energy loss and temperature rise (NOtET) policy.

Lk —1 (58)

4. Simulations

In this section, we present simulations based on the theoretical
foundations of the previous section.

4.1. Verification of the optimal solution

Here, we apply different levels of current and the simulation is
run until the terminal voltage reaches v, and after that a constant
voltage of vc is applied until the battery is charged to Sky- Five
different current profiles are chosen including the optimal current
profile (Fig. 3). The optimal current profile as mentioned before has
the value of /p¢/Rp in the CC stage. The battery parameters of
Nokia BP-4L (Cell#3), given in the appendix, are used. The
following simulation parameters are used: p = 1, A = 1(s), So =0,
Sk, = 1.

' The appendix also shows the parameters of the OCV curve
(calculated based on [3]). The OCV is a function of SOC s as in Ref.
[3].

Z(s)2E +s(1 — 2E) (59)

OCV(z) = Ko + K121 + K272 + K323 + K4z~ * + Ksz + Kgln(2)

+ K7In(1 - 2)
(60)

and E = 0.15. Fig. 3 shows the current profiles with different
levels of current in the CC stage. As seen from Fig. 3, at lower levels
of current, the CC stage will take a longer time and the terminal
voltage reaches the threshold voltage of v, at a later time. At higher
levels of current, however, the OCV grows more rapidly. As the
terminal voltage is v[k] = Vj (s[k]) + Rpi[k], at higher levels of cur-
rent the threshold voltage of v is reached in a shorter time.

Fig. 4(a) shows the cost function Ji¢ for the five current profiles
of Fig. 3 and Fig. 4(b) shows the corresponding current levels in the
CC stage. It is seen that the optimal current profile (i.e., profile 3)
has the lowest cost function. Deviating from this profile, either by
increasing or decreasing the current in the CC stage, results in an
increase in the cost function. For the lower current levels (profiles
1-2), the rise in the cost function is due to a rise in TTC and for
higher current levels (profiles 4—5) the rise in cost function is due
to rise in EL.

Please cite this article in press as: A. Abdollahi, et al., Journal of Power Sources (2015), http://dx.doi.org/10.1016/j.jpowsour.2015.02.075




A. Abdollahi et al. / Journal of Power Sources xxx (2015) 1-11

2, -
1.5= 0.105 b
0.1
é 1 0.095 i
g 09t
7450 7500 7550 7600 7650
—profile # 1
05- —profile # 2 |
profile # 3 (optimal)
—profile #4
—profile # 5
| | | | | | | |
00 1000 2000 3000 4000 5000 6000 7000 8000

time (sec)

Fig. 3. Five different current profiles (including the optimal profile).
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Fig. 4. Five different current profiles: a) cost functions b) current levels in CC stage.
4.2. Effect of weights pt result in low values of current in the CC stage. In other words, a
low p; puts less emphasis on charging time and more emphasis on
In this subsection, we use different cost functions and find the the energy losses; hence, it results in low level of current which
corresponding optimal profiles. Different values of p; from 0.1 to 0.5 provides low energy losses. On the other hand, by increasing p,
are chosen. Figs. 5—7, respectively, show the profiles of current, more emphasis is placed on the charging time. Consequently, the

state of charge and terminal voltage. Fig. 5 shows that low values of level of current is increased proportionally to ,/p; to reduce the TTC.

1.4 :
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1.2} p,=0.25
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=
g
306 .
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0.2 4
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Fig. 5. Current profiles for different values of p;.
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Fig. 6. SOC profiles for different values of p;.
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Fig. 7. Voltage profiles for different values of p;.

Fig. 6 shows the state-of-charge profiles for different values of
pe. It is seen that by increasing p,, more emphasis is placed on
charging time and the SOC reaches the final value in a shorter time.
Fig. 7 shows the terminal voltage profiles for different values of p;.
Note that for low values of p;, as the emphasis on energy loss is
high, the corresponding current level in the CC stage is low, and
consequently, the terminal voltage reaches the threshold value of v,
at a later time. Hence, the duration of the CC stage is high and the
charging time is high as well.

Fig. 8 shows the time-to-charge, energy losses and efficiency as

functions of p;. As expected, high values of p; result in lower TTC.
The low TTC, however, is obtained by increasing the current level;
as EL is proportional to the square of current, thus the high values of
p¢ Tesult in high values of EL. The high values of EL mean that a
higher fraction of input power is wasted; hence it is equivalent to a
decline in efficiency.

Fig. 9 shows the time-to-charge versus efficiency (ratio of
effective to total energy) curve. TTC and efficiency are two coun-
teracting objectives. For low values of p, as less emphasis is put on
TTC, the TTC is high; however, high TTC is the result of low current
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
1400 T T T T T
_, 1200F ]
] 1000—/,// E
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0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
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Fig. 8. TTC, EL and efficiency curves for different values of p;.
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Fig. 9. TTC versus efficiency.

Table 1
Battery thermal parameters.

Paramter set Mpaee (KE) Regr (K/W) Ch bate J/(kg-K))
A 0.37824 7.8146 795
B 0.080 1.6528 168.15

Table 2

Cost function for different schemes.
Pt T Thermal parameters JeET

OtE NOtET OtET

1 1 A 26,734 22,206 22,198
1 4 A 72,023 38,996 38,960
1 1 B 14,970 14,696 14,696
1 4 B 24,966 21,272 21,271

values, which incur low energy losses and hence higher efficiency.
For example at p; = 0.1, the TTC is 195 min, but the efficiency is as
high as 95.82%. On the other hand, for high values of p; which place
more emphasis on TTC, the TTC is reduced dramatically; however,
low TTC is achieved by increasing the current values, which results
in high energy losses and hence lower efficiency. For example, at
pe = 0.5, the TTC is as low as 148 min, but the efficiency decreases to
92.87%

4.3. Temperature effect

In this section, we consider the effect of temperature rise index

Jier = py x TTC + EL + py x TRI

(TRI) on optimal charging. The cost function is a weighted sum of
TTC (seconds), EL (Joules) and TRI (Kelvin seconds), given by

(61)

We used two sets of thermal parameters, shown in Table 1.
Parameter set “A” is adopted from Ref. [19]. Parameter set “B” is a
scaled version of parameter set “A” with my,, set as the weight of
Nokia BP-4L. For each set of thermal parameters (“A” or “B”), the
weights of the cost function are chosenas py =1, pr = 1and p; = 1,
pr = 4. Three schemes are used: OtE (equations (37) and (38)), OtET
(equations (38) and (57)), and NOtET (equations (38) and (58)). The
cost function in (61) or (46) is calculated for the three schemes.
Table 2 shows the cost functions of the three schemes for different
weightings. As seen from this table, the cost function for the OtE
has the highest value. Also the difference between the cost function
of OtET and NOtET is negligible with the OtET being slightly smaller
when thermal parameter set “A” is used. For thermal parameter set
of “B”, there is visually no difference between NOtET and OtET. Due
to this negligible difference in the cost function and also since the
calculation of NOtET profile is much easier than that of the OtET, it
is reasonable to use NOtET rather than the OtET scheme. Also note
that the weight on TRI results in a reduction of current, as can be
seen from Fig. 10. This reduction in current level results in a lower
temperature rise (see Fig. 11). In other words, energy losses with Req
instead of Ry can be used as a surrogate cost function for the TRI.

4.4. Analysis of different commercial batteries

In this section, we discuss the behavior of different commercial
batteries. The parameters of the investigated batteries are given in

—OtE

1.5_\ —OtET
—NOtET
<,
z N
g
= \
o
0.5 ~\
O\ | P—— | o)
0 50 100 150 200
time (min)

Fig. 10. Current profiles for p; = 1, py = 1 and temperature parameter set “A”.
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Fig. 12. Time to charge versus efficiency of different battery types at 25 °C.

the appendix. Note that the equivalent electrical circuit parameters
given in Table 3 are for model III (see Fig. 2). In simulations, we use
the summation of “Rg + R;” of model Il as an estimate of resistance
Rg in model I. The batteries are Samsung EB575152 (four cells),
Samsung EB504465 (four cells), Samsung AB463651 (two cells),
Nokia BP-4L (four cells), LG LGIP (two cells).

Next, we apply the OtE algorithm with p, = 0.5 to 16 commercial
batteries to investigate the times-to-charge and efficiencies of the
batteries. The parameters of the batteries, i.e. the electrical

5000~
4500
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3500

N w
a I=3
t=] =3
I=] I=]

cost function

2000

1500

1000

500

parameters of the models in Figs. 1 and 2, and the parameters of the
OCV function in (60), were calculated using experimental data and
by applying the BFG algorithms in Refs. [3,4]. These parameters are
listed in Tables 3 and 4 in the Appendix. Fig. 12 shows the TTC
versus efficiency for different types of batteries. Among all batte-
ries, Sam-EB575152 (Cell 3) has the lowest efficiency (90.73%). This
can be attributed to the high resistance of this battery, which might
be due to aging. Sam-EB504465 (Cell 4) has the highest TTC
(102 min) and Nokia BP-4L (Cell 4) has the highest efficiency. Note

batteries

Fig. 13. Cost function for different battery types at 25 °C, p; = 0.5.
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that the cells of the same battery are close to each other in terms of
efficiency and TTC. Considering all the cells of a battery, we can say
that LG-LGIP cells (circle markers) have the highest efficiency
(91.4%). Fig. 13 shows the cost function values of Jiz = pgJt + JE-
When TTC is weighted with weight value of p, = 0.5, Sam-
EB575152 (Cell 2) has the best performance.

5. Conclusion

The optimal charging problem involving a weighted combina-
tion of time-to-charge (TTC), energy loss (EL) and temperature rise
index (TRI) was considered. The optimal TTC and EL solution (OtE)
is found to be the well-known CC—CV strategy with the value of
current in the CC stage being a function of the ratio of weighting on
TTC and EL and also the resistance of battery. To the best of our
knowledge, this is the first time that it is proved that the well-
known CC—CV charging profile is the optimal solution of a partic-
ular optimization problem, namely, the problem of minimizing the
weighted sum of time-to-charge and energy loss. In addition, an
analytical solution for the optimal TTC, EL and TRI, referred to as
OtET, was developed. Due to similarity of the structure of the OtE
and OtET solutions, a near-optimal version of OtET was developed
(referred to as NOtET). The NOtET is a CC—CV strategy with the
value of current in the CC stage being a function of the ratio of
weighting on TTC and EL, the resistance of the battery and the
effective thermal resistance. A number of simulations were con-
ducted to evaluate the effect of weighting parameters. Finally,
extensive results on industrial batteries from LG, Nokia and Sam-
sung were presented.
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Nomenclature

ab coefficients in temperature model, (42,43)

Coatt capacity, (2)

Ch parameter in coulomb counting, (1)

Chpare  heat capacity of the battery in J/(kg-K), (42)

CC constant current

cv constant voltage

A sampling time, (2)

EL energy loss

n charging efficiency

Geqlk]  conductance equal to reciprocal of Req k], (56)

HIk] Hamiltonian function, (16)

i[k] charging current, (1)

i*[k] optimal current, (28)

i*[k|k;] optimal current given k;

Je energy loss cost function, (3)

I temperature rise cost function, (46)

Je time to charge cost function, (3)

Je objective function as a combination of TTC and EL cost
functions, (12)

JiE partially optimized cost function, (30)

JeET cost function including time-to-charge (TTC), energy loss

(EL), and temperature rise index (TRI), (46)

Ji(k1)  minimum energy loss cost function as a function of k;
(given k), (29)

Jiz(kj)  optimized cost function

k time index, (1)

k3 optimal final time for constant-current charging stage,
(34)

kf_r solutions to partially optimized cost function, (33)

kq time when terminal voltage reaches maximum allowed
value, (11)

ke final value of time index, (3)

L Lagrangian function, (55)

AlK] co-state variable, (18)

Mpagt battery mass in kg, (42)

NOtET near optimal TTC, energy loss, and temperature

OCV(z) open circuit voltage, (60)

OtE optimal time-to-charge and energy loss

OtET optimal TTC, energy loss, and temperature rise

Rg resistance in model I of battery as shown in Fig. 1, (3)

Resr effective thermal resistance in K/W, (53)

Req[K] heating equivalent resistance added to the battery
resistance, (52)

Ry[K] heating equivalent resistance, (52)

Pt ratio of weight of TTC cost function to weight of EL cost
function, (12)

s state of charge, (1)

So initial SOC, (4)

S1 state of charge when terminal voltage reaches maximum
allowed value, (11)

Skf final SOC, (4)

T battery core temperature in kelvin, (41)

Tamb ambient temperature in kelvin, (41)

T[K] temperature rise, (44)

TTC time-to-charge

v[K] terminal voltage of battery, (38)

Vo open-circuit voltage, (5)

ve voltage corresponding to SOC of 1, (8)

WE weight for energy loss cost function, (3)

W weight for time to charge cost function, (3)

z(s) parameter relating OCV to SOC, (59)

Appendix

The following tables show the parameters of the equivalent
electrical circuit model III for different commercial batteries.

Table 3

Electrical parameters of model III for commercial batteries.

Make Model Cell# Ry (mQ) Ry (mQ) C; (F) « Cpatt (Ah)
Samsung EB575152 1 253 106 4581 0.997934 1.1875
Samsung EB575152 2 209 94 5203 0.997962 1.2187
Samsung EB575152 3 418 58 6222 099724 1.2001
Samsung EB575152 4 200 142 3046 0.997689 1.485
Samsung EB504465 1 259 106 4598 0.997941 1.5001
Samsung EB504465 2 268 168 2493 0.997615 1.5293
Samsung EB504465 3 272 211 1680 0.997186 1.5261
Samsung EB504465 4 287 224 1589 0.997189 1.4831
Samsung AB463651 1 451 198 2100 0.997597 0.9791
Samsung AB463651 2 294 214 1950 0.997602 0.9614
Nokia BP-4L 1 263 100 5031 0.998012 1.5514
Nokia BP-4L 2 264 64 8141 0.99808 1.5691
Nokia BP-4L 3 258 95 5306 0.998028 1.5612
Nokia BP-4L 4 228 50 10502 0.998106 1.613
LG LGIP 1 264 101 4747 0.997919 1.1141
LG LGIP 2 297 76 6654 0.998021 1.1121
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Table 4
OCV parameters for commercial batteries.

Make Model Cell# OCV parameters
Ko K K> K3 K4 Ks Ks K,
Samsung EB575152 1 —1.1288 65.0931 —-10.5332 1.0640 —0.0457 —52.2654 94.1916 -0.7417
Samsung EB575152 2 —1.6976 68.3306 —-11.1189 1.1290 —0.0487 —54.5366 98.4237 —0.7882
Samsung EB575152 3 —1.0802 68.3600 -11.0617 1.1178 —0.0480 —55.3010 99.0817 —-0.8059
Samsung EB575152 4 —-4.3113 22.9007 —4.2921 0.4926 —0.0239 —10.3460 27.2251 0.0226
Samsung EB504465 1 0.0218 54.9000 -9.1299 0.9668 —0.0442 —44.6447 78.9622 —0.7934
Samsung EB504465 2 1.8254 61.0951 —10.0031 1.0470 —0.0474 —52.6013 89.7801 —1.0640
Samsung EB504465 3 0.2510 55.0370 -9.1256 0.9634 —0.0439 —45.0942 79.3945 —0.8297
Samsung EB504465 4 2.9648 59.8808 -9.7283 1.0127 —0.0457 —52.9562 88.9546 -1.1311
Samsung AB463651 1 -1.6972 41.8528 —7.0700 0.7522 —0.0343 —30.6508 58.1983 —0.4098
Samsung AB463651 2 -1.2526 40.3216 -6.7711 0.7166 —-0.0326 —29.7536 56.3932 -0.3814
Nokia BP-4L 1 -3.2203 51.9246 -8.8187 0.9344 —0.0421 —38.1050 71.7162 —-0.5991
Nokia BP-4L 2 —2.7537 52.9707 —-8.9327 0.9407 —0.0422 —39.6357 73.7620 —0.6418
Nokia BP-4L 3 —3.2084 51.8554 —8.7993 0.9314 —-0.0419 —38.0572 71.6483 —0.5996
Nokia BP-4L 4 —-2.7140 60.3626 —10.0810 1.0533 —0.0469 —46.2542 85.0092 -0.7139
LG LGIP 1 0.5267 61.5448 —10.1553 1.0682 —0.0485 —-51.2165 89.3849 —-0.9091
LG LGIP 2 0.4788 59.0975 -9.7677 1.0290 —0.0468 —48.9737 85.6643 —0.8748
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